We present the science case for mapping several thousand galaxy (proto)clusters at z = 1 − 10 with a large aperture single dish sub-mm facility, producing a high-redshift counterpart to local large surveys of rich clusters like the well-studied Abell catalogue. Principal goals of a large survey of distant clusters are the evolution of galaxy clusters over cosmic time and the impact of environment on the evolution and formation of galaxies. To make a big leap forward in this emerging research field, the community would benefit from a large-format, wide-band, direct-detection spectrometer (e.g., based on MKID technology), covering a wide field of ∼1 square degree and a frequency coverage from 70 to 700 GHz. 1
Introduction
As the first structures to collapse, galaxy clusters have to be seen as the earliest fingerprint of galaxy formation and evolution (see Kravtsov & Borgani, 2012 , for a review). These structures grew hierarchically through the merging and accretion of smaller units of galaxy halos. These are dominated by (very) young galaxies displaying intense bursts of star-formation -the dusty star-forming galaxy population (DSFGs; see Casey et al., 2014 , for a review). They are rich of molecular gas and heavily obscured by dust, thus prime targets for far-infrared/submm facilities. These galaxy systems are most probably the progenitors of elliptical galaxies (e.g., Lutz et al., 2001; Ivison et al., 2013) which dominate local galaxy clusters such as Virgo or Coma. Fig. 1 -based on work presented in Dannerbauer et al. (2014) on a protocluster at z = 2.2 (age of the Universe: 3 Gyrs) -shows how violent galaxy clusters could be in the distant Universe. These high density regions are remarkable environments for investigating the physical processes responsible for the triggering and suppression of star formation and black hole activity. In this white paper, we will motivate the need of a systematic study of (proto)galaxy clusters with a large single dish sub-mm telescope at a high-site to make big leaps forward in this emerging research field.
Figure 1: This artist's impression depicts the formation of a galaxy cluster in the early Universe. The galaxies are vigorously forming new stars and interacting with each other. They are observed as Far-Infrared/Sub-mm Galaxies or Dusty Star-Forming Galaxies, and are the focus of this white paper. Credit: ESO/M. Kornmesser. Courtesy from ESO Press Release October 2014 on Dannerbauer et al. (2014) 2 Why we need a large single-dish sub-mm telescope 2.1 State-of-the-Art A future systematic (sub)mm survey of high-redshift (proto)galaxy clusters would address the following current fundamental drawbacks:
Small, heterogenous samples: The number of known spectroscopically confirmed (proto)clusters beyond z = 2 is still less than 50 (see Overzier, 2016 , for a review). The datasets collected up to now are still highly heterogeneous and likely with strong selection bias, making it impossible to obtain a complete picture of the build-up of galaxy clusters over cosmic time. Furthermore, the small samples of high-redshift (proto)clusters we have are often sparsely sampled.
Large spatial distribution on the sky: According to simulations and observations (e.g., Muldrew et al., 2015; Casey, 2016) , high-redshift galaxy clusters and their infall region should cover a linear extension of up to 30 Mpc, which corresponds to about 30 at z ∼ 1 − 7. Therefore, studying and understanding the key epoch of cluster formation really needs to cover areas of up to ons equare degree, something which is all but impossible with adequate sensitivity with any current sub-mm facility.
Lack of cold ISM measurements of galaxy cluster members: The past decade has seen a rise in several hundred detections of the cold molecular gas supply that fuel the star formation in the distant Universe, albeit focusing mostly on isolated field galaxies (e.g., Carilli & Walter, 2013; Tacconi et al., 2018) . However, the number of published cold gas measurements of galaxies located in galaxy clusters at z > 1 is fairly low (< 50). Especially thanks to ALMA, this number did increase significantly in the past two years (e.g., Coogan et al., 2018; Dannerbauer et al., 2017; Hayashi et al., 2017 Hayashi et al., , 2018 Noble et al., 2017 Noble et al., , 2019 Rudnick et al., 2017; Stach et al., 2017; Tadaki et al., 2019) , but remains low nonetheless.
Survey speed: Currently, ALMA allows for a survey speed of at most a few square arcminutes per hour for the brightest CO lines (Popping et al., 2016) to yield a sufficient number of cluster galaxies with L> L * at z ≈ 1. The survey speed for a given line depends on the sensitivity to that line and the primary beam at its frequency (which determines the number of pointings needed for a given map). Obtaining an area of a square degree with ALMA would take at least 1000 hours for the line with the highest survey speed, CO(5-4), which is hard to interpret physically. CO(3-2) would take around 6000 hours with ALMA, whereas CO(2-1) would need three times that (Popping et al., 2016) , so one degree surveys for the lower transition lines are prohibitively expensive with ALMA. Another property of ALMA is the relatively narrow bandwidth (just below 8 GHz) which make spectral scans slow too.
Proposed Study
Our main goal is to map the formation and early evolution of galaxies and their environment, including (proto)clusters and other large-scale structures which are forming at the same time in the early Universe (z > 1). We would produce a high-redshift counterpart to local large surveys of rich clusters like the well-studied Abell catalogue (Abell, Corwin & Olowin, 1989) . We aim to address the following questions in detail: 1) How do galaxies and clusters co-evolve at early times? 2) How does environment (especially in overdense regions) affect star formation, enrichment, outflows and feedback processes? and 3) What is the time evolution of each of these processes? When and where do they peak?
These are fundamental questions to understand the early stages of galaxy formation, an epoch that is still unknown, and that cannot be studied with current FIR/mm observatories in detail. This is only possible with a sample of several thousand (proto)galaxy clusters from z = 1 − 10 and a complete coverage of the spatial distribution of their individual members extending to several 10s of Mpc. In order to increase the number of spectroscopically confirmed galaxy (proto)clusters a fast survey sub-mm telescope of at least 40 m is needed. Such a telescope sizes guarantees the unambiguous identification of its individual members due to the relatively high angular resolution. To get spectroscopic redshifts of several hundred to thousand members per cluster, a multiplex instrument with up to several thousand elements per field of view is indispensable. First option would be a heterodyne instrument with a wide field of view and extremely large spectral bandwidth, however the costs would be exorbitant, so this will not be feasible. Thus, we will opt for the MKID bolometer technology which should provide integral field unit spectroscopic capabilities.
Both to guarantee spectroscopic redshifts from z = 1 − 10 and a complete study of the most prominent lines emitted from the cold ISM such as multiple CO, the two [CI], the [CII], H 2 O and HCN lines, the spectrometer should have a unprecedented bandwidth from 70 to 700 GHz. E.g., the brightest expected line emitted in the far-infrared is [CII] at 158µm. An instrument that had spectral coverage from 180 to 345 GHz could thus follow the early stages of cluster evolution from z = 4.5 − 10, extending to higher frequencies (∼700 GHz) would even allow us to map the peak of the star-formation and black hole activity of the Universe at z = 2 (Madau & Dickinson, 2014) with this line. Furthermore, such a set-up guarantees the detection of several CO lines and the so-called CO SLED (spectral line energy distribution) can be established (e.g., Weiss et al., 2007; Dannerbauer et al., 2009; Daddi et al., 2015; Renaud et al., 2019) . This enables us to securely determine physical properties such as the gas density, excitation temperature and even molecular gas mass. In addition, with both [CI] lines the total cold gas mass can be measured as well (Papadopoulos et al., 2004; Tomassetti et al., 2014) . Getting a complete picture of the cold ISM supported by a large sample size is indispensable to study in a statistical way if environment plays a role by measuring parameters such as star-formation efficiency, molecular gas fraction and excitation.
Therefore, to make a big leap forward in understanding the evolution and formation of the largest structures and galaxies, a sub-mm telescope optimized for surveys is needed, i.e. a multiplexing instrument on a telescope with a single dish of at least 40 m. To visualize what such a telescope can achieve, a mock CO(3-2) image of a simulated protocluster at z = 2 is shown in Fig. 2 (homogeneous noise is added) , observed in a single pointing at 3 mm where the angular resolution would be of order of 15 arcsec for such a telescope, up to 7× better at higher frequencies. This mock image is derived from a light-cone constructed out of a semi-analytical galaxy formation model (van Kampen et al., 2005) in which a cluster simulation (using the same model set-up) was inserted at z = 2 (a few hundred cluster galaxies were added in this way, of which around 50 have sufficient signal-to-noise to be detectable at the depth of this particular mock image). ALMA would need several thousand hours to acquire such an image (Popping et al., 2016) , whereas obtaining a large sample of these would require that to be a few hours at most. Example mock image at 3 mm of the CO(3-2) flux of galaxies in a simulated z = 2 protocluster, including homogeneous background noise. This 0.5 × 0.5 degree image constitutes a single pointing with a single-dish 50 m sub-mm telescope We will target both already confirmed galaxy clusters (with known spectroscopic redshifts) and candidate clusters. In addition, we expect to discover new galaxy clusters, especially dust obscured ones with large molecular gas reservoirs contained in their individual members. At the time of conducting this survey with a large single dish telescope, a sample of several to a few ten thousand (proto)galaxy clusters from z = 1 − 10 will exist coming from future surveys and missions such as LSST and Euclid, the latter one with a dedicated study to discover galaxy clusters at high redshift (Laureijs et al., 2011) . Presently we already have a few thousand known candidate (proto)galaxy clusters from Planck (Planck Collaboration et al., 2015 Greenslade et al., 2018) and Hyper Suprime-Cam (Higuchi et al., 2018; Toshikawa et al., 2018) .
Technical Requirements
None of the current nor planned instruments within the next decade will fulfill the scientific requirements outlined in this manuscript for such an ambitious survey of galaxy clusters in the early Universe. We need a fast enough survey telescope that not only allows the study of confirmed galaxy clusters (with known spectroscopic redshifts) and candidate clusters but in addition will yield an unbiased survey of a significant area of the sky within a reasonable time span. Therefore, to conduct the survey and achieve the science goals following technical requirements should be fulfilled:
• a bolometer based on the MKID technology should have multiplex -many thousand elements per field of view -spectroscopic properties (similar to multi-object spectroscopy in the optical and near-infrared), unseen before in the (sub)millimeter window,
• a large bandwidth from 70 to 700 GHz is indispensable for obtaining spectroscopic redshifts and study the physical properties of galaxy clusters at unprecedented detail simultaneously,
• a field-of-view of ∼1 square degree to cover the typical size of (proto)galaxy clusters in case of targeted observations,
• a sub-mm telescope of at least 40 m is required to obtain individual detections of galaxy cluster members over the proposed frequency coverage,
• a spectral resolution of 500 − 1000 km/s is needed to detect cluster galaxies and determine their redshifts (preferably from two or more lines), whereas 50 − 100 km/s bins would be needed to resolve the lines and derived physical properties from these,
• a survey speed of at least 15 arcmin 2 per minute is needed to be able to obtain a sample of several thousand galaxy clusters.
Concluding Remarks
We make the case for a large aperture single-dish telescope such as the proposed Atacama LargeAperture sub-mm/mm Telescope (AtLAST) to perform a large survey of distant galaxy clusters, a high-redshift counterpart to local large surveys of rich clusters like the well-studied Abell catalogue. Principal goals of such a survey are the evolution of clusters over cosmic time and the impact of environment on the evolution and formation of galaxies. Such a sub-mm facility with large-bandwidth multiplexing instrumentation will allow us to map and study a large, statistically significant and unbiased sample of thousands of distant galaxy clusters, each requiring a single pointing only to derive molecular gas masses and spectroscopic redshifts for their galaxy population.
